###### Strengths and limitations of this study

-   The study incorporates the most recent evidence on pneumococcal conjugate vaccine (PCV) efficacy/effectiveness as well as the latest epidemiological data from the UK (2014). Moreover, model parameters have been validated by a panel of external experts.

-   The model is based on a previously published PCV cohort model, and an extensive sensitivity analysis has been performed to reflect uncertainty in model assumptions.

-   Results are timely and relevant for policy. Current decisions did not anticipate such a large serotype replacement in the elderly, which may warrant a re-evaluation of the budget allocated to PCV based on the health benefits actually generated by the current programme.

-   Static cohort models integrate net herd protection (ie, herd protection and type replacement combined) using a fixed effect at equilibrium. However, dynamic models may be more appropriate to capture these effects over time and in relation to population characteristics and vaccine coverage.

-   Owing to the lack of head-to-head studies comparing the two vaccines, some efficacy estimates are from different studies and might not be directly comparable. However, model assumptions are conservative and a panel of independent experts reviewed all available evidence to select the most comparable efficacy estimates for both vaccines.

Introduction {#s1}
============

*Streptococcus pneumoniae* (*Sp*) infection is established as a cause of significant morbidity and mortality in infants and young children worldwide.[@R1] The WHO estimated that in 2008 5% of all-cause mortality in children \<5 years old was attributable to pneumococcal infections worldwide.[@R2] Invasive pneumococcal disease (IPD), mainly meningitis and bacteraemia, is a clinical manifestation of infection with *Sp*. The pneumococcus also plays a significant role in causing non-invasive infections such as pneumonia and acute otitis media (AOM).[@R1]

In the UK, ∼5000--6000 cases of IPD were reported annually to Public Heath England from laboratories in England and Wales before the introduction of routine childhood immunisation with pneumococcal conjugate vaccine (PCV). In addition, there were an estimated 40 000 hospitalisations due to pneumococcal pneumonia, 40 000 general practitioner (GP) consultations for pneumococcal-related community-acquired pneumonia (CAP) and over 63 000 GP consultations for pneumococcal otitis media (OM) in England and Wales each year.[@R3]

The 7-valent PCV (PCV-7) has reduced the incidence of IPD in the UK since its introduction in 2006.[@R4] However, alongside this reduction in IPD burden, antibiotic resistance and a shift in serotype distribution involving *Sp* serotypes not covered by the vaccine have been observed.[@R5] This shift in serotype distribution often leads to replacement in carriage and disease, with the potential of extension to other pathogens. It has even been shown that vaccination with PCV-7 may lead to a rise in non-typeable *Haemophilus influenzae* (NT*Hi*)-related AOM.[@R8] Therefore, the 13-valent PCV (PCV-13, *Prevnar 13*, Pfizer, Pearl River, New York, USA) and the 10-valent pneumococcal non-typeable *Haemophilus influenzae* protein D conjugate vaccine (PHiD-CV, *Synflorix*, GSK group of companies, Rixensart, Belgium) were introduced in 2009.[@R9] PHiD-CV includes three additional *Sp* serotypes (1, 5 and 7F) compared with PCV-7, while PCV-13 includes these additional serotypes and three further *Sp* serotypes (3, 6A and 19A). Although *Sp* serotypes 6A and 19A are not included in PHiD-CV, clinical evidence suggests that PHiD-CV offers marked protection against these cross-reactive *Sp* serotypes.[@R10] So far, there is no conclusive evidence that PCV-13 prevents IPD, AOM or pneumonia due to serotype 3.[@R16] [@R17] Furthermore, in contrast to PCV-7 and PCV-13, PHiD-CV has the additional potential to target NT*Hi*-related AOM, due to the employment of protein D derived from NT*Hi* as a carrier protein for the majority of its conjugates.[@R18] [@R19] This is important, as AOM represents a major indication for the prescription of antibiotics in infants.[@R20] [@R21] Significant antibiotic resistance has been observed in *Sp*[@R22] and NT*Hi* bacteria,[@R25] and the increasing resistance to antibiotics is globally recognised as a health policy concern.

Infectious disease modelling integrates data from multiple sources (eg, epidemiological, economic, demographic and biological) to predict the impact of new interventions in a given population. In 2012, a Markov cohort model evaluating the cost-effectiveness of PHiD-CV versus PCV-13 for Canada and the UK was published by Knerer *et al*,[@R26] using epidemiological information from 2006 to 2007 (ie, before the introduction of PCV-7). Since then the situation has changed, in terms of epidemiology in the UK (eg, serotype distribution and IPD incidence), and because more evidence is now available regarding the impact of both vaccines (eg, protection against cross-reactive *Sp* types 6A and 19A). Here, we present an updated cost-effectiveness analysis comparing PHiD-CV with PCV-13 in the current UK setting.

Materials and methods {#s2}
=====================

Model overview {#s2a}
--------------

The Markov model described here is conceptually identical to the model published earlier by Knerer *et al* and is essentially an update of that model.[@R26] [Figure 1](#BMJOPEN2015010776F1){ref-type="fig"} shows the flow diagram of the model. Model input data and assumptions were based on published data where possible, and were validated where appropriate by a panel of independent experts (GSK PHiD-CV Health Economics Advisory Board, Leuven, Belgium, September, 2013).

![Model flow diagram. Rectangles represent mutually exclusive health states. Age-specific incidences are applied monthly to the susceptible population. Circles (sequelae and death) and small arrows (natural death) represent the proportion of the population removed from the model. Costs and benefits are computed monthly and aggregated over the cohort\'s lifetime. Non-consulting AOM episodes are accounted for in the quality of life calculation. AOM, acute otitis media; *Sp, Streptococcus pneumoniae*; TTP, tympanostomy tube placement.](bmjopen2015010776f01){#BMJOPEN2015010776F1}

This model was used to estimate the epidemiological and economic impact of a universal infant pneumococcal vaccination programme in the UK. The model simulated the impact of vaccination on invasive and non-invasive diseases caused by *Sp* and NT*Hi*-related infections in a birth cohort. It compared two PCVs, PCV-13 (currently available in the UK) and PHiD-CV, each given in a three-dose (2+1) schedule with vaccine doses administered at 2, 4 and 13 months of life.

Individuals in the birth cohort were followed in the model over a lifetime with a cycle time of 1 month. During each model cycle, the probability of an individual entering a specific health state was governed by age-specific incidence rates and applicable vaccine efficacy (VE) levels. These transition probabilities determined hospitalisation rates and frequency of medical visits associated with the disease conditions considered in the model. Costs and quality-adjusted life-years (QALYs) lost associated with the model outcomes (eg, cases, medical visits, hospitalisations) were accumulated over the cohort\'s lifetime. The base-case analysis took the perspective of the healthcare provider in the UK, the National Health Service (NHS), and therefore accounted only for direct medical costs. An additional analysis accounting for productivity loss was conducted, providing a broader perspective that may further help inform the decision-making process.

Epidemiological data {#s2b}
--------------------

### Demography {#s2b1}

The size of the birth cohort in the UK (n=792 616 infants; reference year mid-2013) and age-specific overall monthly mortality rates for the general population were obtained from the Office for National Statistics (ONS; see [online supplementary table S1 in file 1](#SM1){ref-type="supplementary-material"}).[@R27] [@R28]
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### Invasive pneumococcal diseases {#s2b2}

This section describes the parameters used for the *Sp* meningitis and bacteraemia natural histories in [figure 1](#BMJOPEN2015010776F1){ref-type="fig"}. In the model, all cases of IPD were assumed to be hospitalised. Transitions from the susceptible state to *Sp* meningitis and bacteraemia requiring inpatient admission were derived from age-specific hospital admission data from the Hospital Episode Statistics (HES) database 2013--2014, and population age distribution data from the ONS (see [online supplementary table S2 in file 1](#SM1){ref-type="supplementary-material"}).[@R28] [@R29] In the HES database, the International Classification of Disease V.10 (ICD-10) codes used for meningitis and bacteraemia are G00.1 (pneumococcal meningitis) in the primary diagnosis fields and A40.3 (sepsis due to *Sp*) in all diagnosis fields, respectively.[@R29] All diagnosis fields were used for bacteraemia as this disease condition occurs frequently as a complication. The pathogen-specific ICD-10 codes applied are in line with the definitions in studies used for VE estimates (see Vaccine efficacy section). Following meningitis, children and adults can develop long-term neurological sequelae and hearing impairment. The proportion of children with neurological sequelae (7.0%) and hearing impairment (13.3%) were based on Pomeroy *et al*[@R30] and a meta-analysis of 11 studies,[@R31] respectively. For adults, the proportion of meningitis cases with neurological sequelae (19.0%) and hearing impairment (25.4%) were based on the weighted average of two studies by Kastenbauer and Pfister[@R32] and Auburtin *et al*.[@R33] As data are limited in the UK, we conservatively assumed no long-term sequelae following an episode of bacteraemia. Similarly, cases and deaths due to NT*Hi* ID were not included in the base-case analysis. Case-fatality ratios (CFRs) for *Sp* meningitis and bacteraemia were extracted from Johnson *et al*[@R34] and Melegaro and Edmunds,[@R35] respectively. For children aged ≤4 years, CFR data were further updated using Ladhani *et al.*[@R7]

### Pneumonia {#s2b3}

Inpatient incidence rates of all-cause pneumonia were derived from the HES database using ICD-10 codes J13 (*Sp*), J14 (*Hi*), J15.9 (bacterial pneumonia, unspecified) and J18.1/8/9 (lobar pneumonia or unspecified (pneumonia/pathogen); see [online supplementary table S3 in file 1](#SM1){ref-type="supplementary-material"}).[@R29] The broad set of ICD-10 codes considered is in line with efficacy end points reported in published clinical trials not discriminating between causative pathogens (see Vaccine efficacy section). Age-specific CFRs for inpatient pneumonia were based on data from Melegaro and Edmunds.[@R35] Outpatient incidence rates were based on 2010 data from the Royal College of General Practitioners (RCGP) in England and Wales[@R36] and no mortality was assumed.

### Acute otitis media {#s2b4}

Outpatient incidence rates for AOM episodes (not visits) were taken from the RCGP 2011 Annual Report (ICD-9 codes 381.0---acute non-suppurative OM, 382.0---acute suppurative OM and 382.9---unspecified OM).[@R36] The proportion of AOM cases caused by *Sp* (35.9%), NT*Hi* (32.3%) and other causative agents (31.8%) were extracted from the review of Leibovitz *et al*.[@R37] AOM cases caused by *Sp* were further distributed between pneumococcal serotypes based on a multinational meta-analysis of nine data sets published by Hausdorff *et al*.[@R38] The age-specific rate of tympanostomy tube placement (TTP) was obtained from the HES database using the procedural code D15.1 (myringotomy with insertion of ventilation tube through the tympanic membrane; see [online supplementary table S4 in file 1](#SM1){ref-type="supplementary-material"}).[@R39] The model accounted for the reduced quality of life of patients with AOM not consulting a GP using an adjustment factor, defined as the ratio of GP consultations from Williamson *et al*[@R40] over the total number of AOM cases from Melegaro and Edmunds.[@R35] Finally, our model assumed no complications, long-term sequelae or deaths related to AOM.

Costs {#s2c}
-----

All costs were reported in British pounds sterling (£) with 2014 as the reference year. Costs prior to 2014 were adjusted on the basis of the UK healthcare service cost index (V.02 May 2013).[@R41] The direct annual costs per acute episode are given in the [online supplementary table S1 in file 2](#SM2){ref-type="supplementary-material"}. NHS reference costs (2013--2014) were used to identify cost components including those dependent on disease conditions: for example, ambulance transfer, accident and emergency investigation, intensive care unit stay, CT/MRI scanning or X-ray, ultrasound, weighted average cost of hospital stay and cost of primary care consultation, using information from Melegaro and Edmunds[@R35] where applicable. Costs associated with meningitis consisted of two components, the costs of treating the initial meningitis episode and the follow-up costs associated with long-term sequelae (neurological sequelae and hearing loss) incurred over the remaining lifetime. The incidences of sequelae for bacteraemia, all-cause pneumonia and AOM were conservatively set to zero in the model. In these instances, disease-related treatment costs were assumed to be incurred within 1 month with no long-term costs due to sequelae.
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In the base-case scenario, price parity was assumed for PHiD-CV and PCV-13. Total vaccine costs per dose were estimated from the list price, accounting for 5% wastage and an administration cost of £7.64 per dose.[@R42] The resultant total vaccine cost per dose was estimated at £48.88 based on a 0.5 mL prefilled syringe. Vaccination coverage was assumed to be 100%, in line with vaccination rates commonly obtained with national immunisation programmes in the UK.[@R43] Furthermore, a complete course (three doses) with perfect adherence (100%) was assumed. Although these assumptions on coverage and adherence are simplified, they affect both vaccines equally and therefore should not have an impact on the cost-effectiveness ratio.

Utilities {#s2d}
---------

Three types of utility values were used in the model. Normative utility values represent the age-specific utility in healthy individuals.[@R44] The QALY loss per episode was computed for acute diseases using the formula (1**−**QALY weight)×(duration of episode in days/365 days). The QALY loss per year (1**−**QALY weight) was used for long-term conditions (see [online supplementary table S1 in file 3](#SM3){ref-type="supplementary-material"}).[@R35] [@R45] In the literature, studies looking at long-term meningitis sequelae have variable follow-up times (5--20 years).[@R50] In our model and others, disutility weights for long-term sequelae were incurred for the time remaining until the end of the study time horizon.
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Vaccine efficacy {#s2e}
----------------

In the base-case analysis, the impact of vaccination was assessed including both direct and indirect effects of protection (herd protection). To estimate the direct effect of vaccination, published estimates of VE were applied to the age-specific disease incidence in sequential model cycles. The VE estimates used in the model and described in this section have been validated by a panel of independent experts (GSK PHiD-CV Health Economics Advisory Board, Leuven, Belgium, September, 2013; [table 1](#BMJOPEN2015010776TB1){ref-type="table"}).

###### 

Model input data: VE

  ------------------------------------------------------------------------------------------------------------------------------------------------------
                                                  VE\* % (95% CI)                     
  ----------------------------------------------- ----------------- ----------------- ------------------------------------------------------------------
  IPD                                                                                 

   Ten common serotypes for PHiD-CV and PCV-13†   94.7‡\            94.7‡\            Whitney *et al*[@R13]
                                                  (87.0 to100.0)    (87.0 to100.0)    

   Serotype 3                                     0.0               0.0\              Andrews *et al*[@R17]
                                                                    (26% in SA)       

   Serotype 6A                                    76.0\             94.7\             Vesikari *et al*[@R56]\
                                                  (39.0 to 90.0)    (87.0 to 100.0)   Whitney *et al*[@R13]

   Serotype 19A                                   62.0\             94.7\             Whitney *et al*[@R13]\
                                                  (20 to 85)        (87.0 to 100.0)   Jokinen *et al*[@R15]

  Pneumonia                                                                           

   Per cent of reduction in hospitalisations      23.4\             23.4\             Tregnaghi *et al*[@R12]
                                                  (8.8 to 35.7)     (8.8 to 35.7)     

    Per cent of reduction in GP visits            7.3\              7.3\              
                                                  (2.1 to 12.3)     (2.1 to 12.3)     

  AOM without TTP                                                                     

   Ten common serotypes for PHiD-CV and PCV-13    69.9\             69.9\             Tregnaghi *et al*[@R12]
                                                  (29.8 to 87.1)    (29.8 to 87.1)    

   Non-vaccine type *Streptococcus pneumoniae*    −33.0\            −33.0\            Eskola *et al*[@R67]
                                                  (−33.0 to 15.0)   (−33.0 to 15.0)   

   Serotype 3                                     0.0               0.0               As for IPD

   Serotype 6A                                    63.7\             69.9\             Prymula *et al*[@R10]\
                                                  (−13.9 to 88.4)   (29.8 to 87.1)    Tregnaghi *et al*[@R12]

   Serotype 6C                                    0.0               63.7\             Same as 6A for PHiD-CV
                                                                    (−13.9 to 88.4)   

   Serotype 19A                                   45.8§\            69.9\             Tregnaghi *et al*[@R12]
                                                  (−33 to 15)       (29.8 to 87.1)    

   NT*Hi*                                         21.5\             −11.0\            Tregnaghi *et al*[@R12]\
                                                  (−43.4 to 57.0)   (−34 to 8)        Eskola *et al*[@R67]

  AOM with TTP                                                                        

   TTP                                            50.9              30.6              Extrapolated¶ from Fireman *et al*[@R68] and Palmu *et al*[@R69]
  ------------------------------------------------------------------------------------------------------------------------------------------------------

\*All VE estimates have been validated by an expert panel.

†Included serotypes were 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F and 23F.

‡PHiD-CV and PCV-13 were assumed to have the same serotype efficacy for the 10 common serotypes as the average VE of PCV-7 vaccine serotypes (94.7%).

§PHiD-CV efficacy was estimated taking the efficacy ratio of the vaccines in IPD (vaccine serotypes).

¶Extrapolated VE estimates were well in agreement with findings of the FinIP study;[@R70] the boundaries reflect 95% CIs that were used in the sensitivity analyses.

AOM, acute otitis media; FinIP, Finnish Invasive pneumococcal disease; GP, general practitioner; IPD, invasive pneumococcal disease; JCVI, Joint Committee on Vaccination and Immunisation; PCV-13, 13-valent pneumococcal conjugate vaccine; PHiD-CV, 10-valent pneumococcal non-typeable *Haemophilus influenzae* protein D conjugate vaccine; SA, sensitivity analysis; *Sp*, *Streptococcus pneumoniae*; TTP, tympanostomy tube placement; VE, vaccine efficacy.

### Invasive pneumococcal diseases {#s2e1}

Overall efficacy against meningitis and bacteraemia was computed for both vaccines based on the serotype-specific efficacy estimates from Whitney *et al*[@R13] and the local serotype distribution derived from Waight *et al* (see [online supplementary table S5a in file 1](#SM1){ref-type="supplementary-material"}).[@R51] [@R52] The efficacy used for all vaccine serotypes included in PHiD-CV and PCV-13 was the average efficacy reported by Whitney *et al* against PCV-7 serotypes (serotype-specific efficacy estimates were not used as for some serotypes the number of cases was too small),[@R13] except for serotype 3. Serotype 3 is included in PCV-13 but not in PHiD-CV. However, both PCV-13 and a precursor of PHiD-CV have failed to show significant efficacy against serotype 3,[@R10] [@R16] [@R17] [@R51] [@R53] probably because of its thicker polysaccharide capsule.

In addition to efficacy against vaccine serotypes, large PCV clinical trials have shown that serotypes 19F and 6B can also induce protection against 19A and 6A, respectively, because they functionally belong to the same serogroup.[@R11] [@R13] Cross-protection against serotype 6A (76%) owing to serotype 6B (included in all PCVs) has been demonstrated in PCV-7 trials.[@R13] [@R57] Finally, large clinical trials in Brazil,[@R11] Canada[@R14] and Finland[@R15] have reported VE against 19A in IPD of 82%, 71% and 62%, respectively, which prompted an update of the Summary of Product Characteristics (SmPC) for PHiD-CV to include protection against 19A (the European Medicines Agency (EMA) approval on 23 July 2015).[@R58] [@R59] In this analysis, we used the Finnish estimate for VE (62%) because it is based on a 2+1 PHiD-CV vaccination schedule administered in a European setting.[@R15]

### Pneumonia {#s2e2}

VE of PCVs against CAP has been assessed in several large-scale, randomised, controlled trials conducted in different settings.[@R12] [@R60] These trials have shown that protection against disease is not associated with the number of serotypes included in the vaccine formulation. Hence, the model assumed an efficacy of 23.4% against X-ray-confirmed consolidated CAP (which usually requires hospitalisation) and 7.3% against clinically suspected CAP (commonly managed on an outpatient basis) for both vaccines, based on a clinical trial of PHiD-CV.[@R12] These estimates are conservative, as postmarketing surveillance data from Brazil have shown a reduction of 40% and 30% in pneumonia hospitalisations with PHiD-CV[@R65] and PCV-13,[@R66] respectively.

### Acute otitis media {#s2e3}

VE against all vaccine types except serotype 3 (same as for IPD[@R16]) was assumed to be 69.9% for both vaccines.[@R12] VE against non-vaccine types was assumed to be −33.0% for both vaccines to account for serotype replacement.[@R67] PHiD-CV cross-protection against serotype 6A (63.7%) was based on Prymula *et al*[@R10] [@R12] and the cross-protection against 19A (45.7%) was computed using the ratio of efficacy estimates between PHiD-CV and PCV-13 in conjunction for IPD. VE against NT*Hi*-related AOM was assumed to be 21.5% for PHiD-CV.[@R8] [@R10] [@R12] [@R67] For PCV-13, the VE was **−**11.0%, as reported for its predecessor PCV-7.[@R67] These efficacy estimates, in line with expert validation and with data reported by Tregnaghi *et al*,[@R12] were applied to the respective serotypes, taking into account the frequency of these serotypes in causing AOM (see [online supplementary table S5b in file 1](#SM1){ref-type="supplementary-material"}).[@R66] [@R67] A similar approach was used for NT*Hi*-related AOM. VE for both vaccines against AOM with TTP procedures was extrapolated using an exponential function based on the results of PCV-7 clinical trials[@R68] [@R69] and the relative ratio of overall AOM VE.[@R70] These VE estimates were in agreement with the findings of the Finnish Invasive pneumococcal disease (FinIP) study.[@R70] The higher efficacy of PHiD-CV compared with PCV-13 for AOM is reflected in the estimates of VE against TTP procedures ([table 1](#BMJOPEN2015010776TB1){ref-type="table"}).

Direct vaccine protection in children against IPD, pneumonia and AOM is age-specific. First, during the ramp-up phase VE increases to 50%, 90% and 100% of the type-specific and disease-specific VE estimates described above following the first, second and booster doses, respectively.[@R12] [@R68] Second, from 13 months (booster dose) to 3 years of age we assumed that VE does not wane.[@R12] Finally, VE was assumed to wane exponentially from 3 to 10 years of age, after which the vaccine stops providing any direct protection to the vaccinated birth cohort.[@R71] These assumptions are conservative, since data are now available showing that efficacy does not decrease exponentially after 3 years.[@R12]

Indirect or herd protection resulting from continual vaccination of sequential birth cohorts was taken into account for the entire population for IPD only (we conservatively assumed no herd protection for pneumonia and AOM). Serotype replacement offsets the incremental effect of indirect protection. In the model, indirect protection adjusted for the opposing impact of serotype replacement was applied as a fixed effect to the residual disease incidence. This net indirect effect was estimated at 30%, removing the necessity to account separately for the effect of serotype replacement.[@R72] [@R73] All efficacy estimates and the net indirect effect applied in the model are in line with Tregnaghi *et al*[@R12] and were validated by a panel of experts (GSK PHiD-CV Health Economics Advisory Board, Leuven, Belgium, September, 2013). Assumptions regarding net herd protection were varied in scenario analyses (15% and 0%), as recent data from the UK suggest high levels of serotype replacement in adults.[@R51] [@R74] [@R75]

Cost-effectiveness and sensitivity analysis {#s2f}
-------------------------------------------

Health benefits and costs were accumulated over the cohort\'s lifetime and discounted at a rate of 3.5% to estimate the incremental cost-effectiveness ratio (ICER).[@R76] The ICER of PHiD-CV compared with PCV-13 (expressed in £/QALY) was computed by dividing the difference in costs between the two vaccines by the difference in health outcomes.

Sensitivity analyses were performed to capture the effects of parameter uncertainty on model predictions and identify the most influential parameters. One-way sensitivity analyses were performed by varying each parameter one by one within a range of plausible estimates and ranking the parameters based on their impact on the results. In addition, a probabilistic sensitivity analysis (PSA) was performed by simultaneously varying all parameters to capture their conjoint uncertainty (500 different parameter sets sampled from probability distributions). Results from the PSA were plotted in a cost-effectiveness plane (QALYs vs costs), along with the base-case ICER estimate. Ranges used in the one-way sensitivity analyses and the probability distributions used in the PSA are provided in the [online supplementary table S1 in file 4](#SM4){ref-type="supplementary-material"}.

10.1136/bmjopen-2015-010776.supp4

In addition to sensitivity analyses, we performed scenario analyses on specific model assumptions to better understand their impact on the results. Alternative scenarios explored were as follows: (1) net herd protection reduced to 15% and 0% to explore the impact of the increased serotype replacement observed in recent years in adults in the UK.[@R51] [@R74] [@R75] (2) Efficacy against serotype 3 increased to 26% for PCV-13 (non-significant result from[@R17]). (3) NT*Hi* ID (meningitis and bacteraemia) and NT*Hi* pneumonia included in the model; in this scenario, the incidence of NT*Hi* ID was assumed to be 5% of all *Sp* IPD cases in children aged \<10 years, with a CFR of 10%. (4) Productivity loss, in which in addition to direct medical costs the model also estimated the time lost from work by patients of working age (18--75 years) or time lost from work by parents caring for their sick children. For patients, the time loss estimates were multiplied by the estimated annual earnings at the individual\'s age, and for working parents (aged 18--49 years) the time estimates were multiplied by an average annual earnings of £20 375 (see [online supplementary tables S2 and S3 in file 2](#SM2){ref-type="supplementary-material"}).[@R77] [@R78] (5) Accounting for the difference in list price of both vaccines in the UK (£49.10/dose and £27.60/dose for PCV-13 and PHiD-CV, respectively).[@R79]

Results {#s3}
=======

Base-case analysis {#s3a}
------------------

Under our model assumptions, PCV-13 and PHiD-CV showed identical reductions in mortality due to IPD and all-cause pneumonia. The estimated impact on the number of IPD and pneumonia cases was also similar for both vaccines. However, PHiD-CV would prevent an additional 31 070 GP visits and 2399 AOM-related TTP procedures, compared with PCV-13 ([table 2](#BMJOPEN2015010776TB2){ref-type="table"}).

###### 

Model outcomes for the base-case analysis

  ----------------------------------------------------------------------------------------------
                                                 PHiD-CV      PCV-13       Incremental\
                                                                           (PHiD-CV vs PCV-13)
  ---------------------------------------------- ------------ ------------ ---------------------
  Health outcomes, undiscounted (n)                                        

   Pneumococcal meningitis                       266          265          +1

   Pneumococcal bacteraemia                      720          719          +1

   All-cause pneumonia\*                         356 292      356 292      0

   AOM† related GP visits                        933 162      964 232      −31 070

   AOM with TTP                                  29 585       31 984       −2 399

   Cases of meningitis sequelae                  86           86           0

   Deaths (meningitis, bacteraemia, pneumonia)   90 437       90 437       0

   Total QALYs gained, undiscounted              53 962 843   53 962 031   812

   Total QALYs gained, discounted                18 981 547   18 980 813   734

  Economic outcomes (£k), undiscounted                                     

   Vaccination including administration          115 997      115 997      0

   Pneumococcal meningitis                       1 953        1 948        5

   Meningitis sequelae                           4 592        4 579        12

   Pneumococcal bacteraemia                      4 548        4 542        6

   All-cause pneumonia\*                         1 271 214    1 271 215    −1

   AOM related GP visits                         42 925       44 355       −1 429

   AOM with TTP                                  33 777       36 516       −2 739

   Total direct costs (£k), undiscounted         1 475 006    1 470 151    -4 145

   Total direct costs (£k), discounted           297 248      300 930      -3 682

   ICER, undiscounted                            Dominant‡                 

   ICER, discounted                              Dominant‡                 
  ----------------------------------------------------------------------------------------------

\*All-cause pneumonia includes patients hospitalised or only visiting the GP.

†Total AOM cases (GP visits+TTP+not consulting GP) for PHiD-CV (3 882 967) and PCV-13 (4 044 886) based on AOM adjustment factor ([online supplementary table S4 in file 1](#SM1){ref-type="supplementary-material"}).

‡PHiD-CV dominant because it provides both lower costs and higher effectiveness (larger number of QALYs) compared with PCV-13.

AOM, acute otitis media; GP, general practitioner; ICER, incremental cost-effectiveness ratio; PCV-13, 13-valent pneumococcal conjugate vaccine; PHiD-CV, 10-valent pneumococcal non-typeable *Haemophilus influenzae* protein D conjugate vaccine; QALY, quality-adjusted life-year; TTP, tympanostomy tube placement.

Assuming price parity for both vaccines, PHiD-CV would reduce QALY loss by 734 QALYs (812 QALYs undiscounted) compared with PCV-13 and save £3.68 million (£4.14 million undiscounted) in direct medical costs to the NHS (dominant intervention). These results are due to fewer AOM-related GP consultations and in-hospital TTP procedures with PHiD-CV than PCV-13. For instance, the reduction in AOM-related GP visits alone would save £1.43 million to the healthcare system ([table 2](#BMJOPEN2015010776TB2){ref-type="table"}).

Sensitivity analyses {#s3b}
--------------------

One-way sensitivity analyses showed that the model outcome (PHiD-CV dominated PCV-13) was robust to variations in model assumptions. Variables related to AOM (eg, disutility during an episode of AOM in outpatients, cost and reduction in TTP, AOM-related GP visits) were identified as key drivers of the cost-effectiveness results (see [figure 2](#BMJOPEN2015010776F2){ref-type="fig"}). The PSA showed that the model results were also robust to simultaneous variation of the parameters. The cost-acceptability curve estimated that PHiD-CV was more cost-effective compared with PCV-13 in 88% of simulations, with a cost-effectiveness threshold of £20 000/QALY ([figure 3](#BMJOPEN2015010776F3){ref-type="fig"}).

![One-way sensitivity analysis. Effect on the difference in QALY gained and on the difference in direct cost using the lower (light blue bullet) and upper bound value (brown bullet) of one parameter (-n-) and keeping all other parameters equal to the estimated value that is used for calculating the base case. Each parameter will provide two ICERs according its lower and upper bound (values in [online supplementary table S1 in file 4](#SM4){ref-type="supplementary-material"}). Parameter are ranked in descending order according to the spread between their two ICERs, with the highest spread referring to the most influencing parameter in the CEA analysis (acute disutility for AOM outpatient). AOM, acute otitis media; CEA, cost-effectiveness analysis; comparator=PHiD-CV, pneumococcal non-typeable *Haemophilus influenzae* protein D conjugate vaccine; GP, general practitioner; ICER, incremental cost-effectiveness ratio (=difference in direct cost divided by difference in QALY gained divided); NT*Hi*, non-typeable *Haemophilus influenzae;* QALY, quality-adjusted life-year; *Sp, Streptococcus pneumonia*; standard intervention=PCV-13, 13-valent pneumococcal conjugate vaccine; VT, vaccine type.](bmjopen2015010776f02){#BMJOPEN2015010776F2}

![Probabilistic sensitivity analysis. Probabilistic distributions have been defined around each parameter and 500 different parameter sets were sampled by varying all parameters simultaneously. The red point in the cost-effectiveness plane represents the base-case parameter set. QALY, quality-adjusted life-year.](bmjopen2015010776f03){#BMJOPEN2015010776F3}

Alternative scenarios {#s3c}
---------------------

[Table 3](#BMJOPEN2015010776TB3){ref-type="table"} reports the difference in total QALYs gained (discounted) and total costs (discounted) between the vaccines for a range of alternative scenarios. All scenarios showed more health benefits and cost-savings for PHiD-CV compared with PCV-13. Scenario 1, reducing net herd protection to 15% and 0%, did not affect the base-case results because both vaccines are affected equally. Scenario 2, accounting for the non-significant efficacy of 26% against serotype 3 for PCV-13, had only a small impact on the results (731 QALYs gained and £3.67 million saved with PHiD-CV vs PCV-13). Scenario 3, including NT*Hi* ID/pneumonia (non-significant), would further increase the projected health benefits and associated savings provided by PHiD-CV (739 QALYs gained and £3.82 million saved with PHiD-CV vs PCV-13). Scenario 4, accounting for work days lost in addition to direct medical costs, increased the cost-savings to £5.13 million. Finally, Scenario 5 showed that accounting for the difference in list price between the two vaccines would result in cost-savings of £45.77 million.

###### 

Model outcomes from the scenario analyses

                                                  PHiD-CV vs PCV-13   
  ----------------------------------------------- ------------------- -----
  Base case                                       −3 681 976          734
  No net herd protection                          −3 681 967          734
  Serotype 3 efficacy against IPD=26% in PCV-13   −3 669 466          731
  NT*Hi* ID/pneumonia† included                   −3 816 273          739
  Including productivity loss                     −5 132 994          734
  Difference in list price‡                       −45 770 435         734

\*Cost difference estimated on the basis of the number of consultations instead of episodes, using the RCGP 2011 weekly report data (from RCGP in England and Wales) and identical QALY gain assumed in deriving the associated ICER.

†Assumed incidence rate NT*Hi* IPD 5% (expert opinion) and efficacy as in AOM; estimated incidence NT*Hi* pneumonia cases 3% and percentage reduction in hospitalisation in accordance with efficacy in AOM.

‡In the UK, PCV-13 list price=£49.10 and PHiD-CV list price=£27.60.

AOM, acute otitis media; ICER, incremental cost-effectiveness ratio; ID, invasive disease; IPD, invasive pneumococcal disease; NT*Hi*, non-typeable *Haemophilus influenzae*; PCV-13, 13-valent pneumococcal conjugate vaccine; PHiD-CV, 10-valent pneumococcal non-typeable *Haemophilus influenzae* protein D conjugate vaccine; QALY, quality-adjusted life-year; RCGP, Royal College of General Practitioners.

Discussion {#s4}
==========

We evaluated the effectiveness and cost-effectiveness of PHiD-CV vaccination in children compared with PCV-13 in the UK setting by updating a previously published Markov model.[@R26] The present analysis showed a similar impact for both vaccines on the incidence of meningitis, bacteraemia and pneumonia. The main reasons for this finding include a low incidence of IPD, and new evidence indicating a lack of significant protection against serotype 3 for PCV-13[@R17] and marked cross-protection provided by PHiD-CV against serotypes 6A and 19A.[@R18] However, our model predicted substantially fewer cases of AOM for PHiD-CV compared with PCV-13. This would translate into considerable cost-savings and health benefits because of the high incidence of AOM. PHiD-CV was consistently shown to be dominant over PCV-13 (ie, PHiD-CV would provide more health benefits at a lower cost) in the sensitivity analyses (one-way and PSA) and alternative scenarios. The one-way sensitivity analysis also indicated that AOM-related model parameters were the primary drivers of cost-effectiveness results.

From an epidemiological perspective, declining IPD incidence may suggest that more emphasis should be placed on the control of AOM.

AOM constitutes the prime indication for antibiotic prescription in infants,[@R20] [@R21] hence pneumococcal vaccination by reducing the number of AOM cases could play a role in limiting the development of antibiotic resistance. In a cluster-randomised, double-blind trial, Palmu *et al*[@R80] reported that the use of PHiD-CV vaccine in Finland could result in yearly 12 000 fewer outpatient antibiotic purchases for AOM in children aged \<2 years. Assuming similar treatment practices in Finland and the UK, and accounting for the difference in number of AOM cases prevented between PHiD-CV and PCV-13 (161 918 AOM cases prevented) or no vaccination (423 339 AOM cases prevented), the extrapolation of the Finish results to the UK settings would translate into about 60 700 fewer antibiotic purchases per year in children aged \<2 years between PHiD-CV and PCV-13. Conceptually, this updated model is identical to the previously published model evaluating the economic impact of PHiD-CV.[@R26] The present model used updated parameters including recent epidemiological information (age-specific hospitalisation and GP consultation rates due to *Sp* meningitis, *Sp* bacteraemia, pneumonia and AOM including the incidence of inpatient TTP), recent VE data, cross-protection and evidence-based approximations of indirect protection. Furthermore, age-stratified serotype distribution for IPD could be constructed for 2013--2014 based on the recent data reported by Waight *et al*.[@R51] Costs were indexed to 2014 values as appropriate and productivity loss was included in the scenario analysis. The baseline year of the updated model was 2013--2014, and accommodated the decline in the incidence of IPD seen in the UK since the introduction of PCV-7 in 2006 and subsequent implementation of PCV-13 in 2010. Against this epidemiological background, re-evaluation of the influence of vaccination strategies on disease incidence, costs, health gain and ICER is considered of interest.

While the cost-effectiveness profiles of different pneumococcal vaccination strategies in several countries have been previously evaluated using similar tools such as Markov cohort models, direct comparison of results is limited due to disparities in country-specific epidemiology and healthcare systems. Finally, static models such as ours integrate net herd protection (ie, herd protection and type replacement combined) as a fixed effect at equilibrium. However, dynamic models may be more appropriate to capture these effects over time and in relation to population characteristics and vaccine coverage.

Conclusions {#s5}
===========

When considering the cost-effectiveness of a 2+1 universal childhood vaccination programme in the UK from the perspective of medical costs, the strategy of using PHiD-CV dominates over use of PCV-13 when the vaccines are priced at parity. This result was primarily due to fewer AOM cases and associated cost-savings. Against the background of developing antibiotic resistance and reduced IPD incidence observed since the introduction of pneumococcal vaccination, our updated model suggests that deployment of the PHiD-CV vaccine would be of value in the UK. Finally, continuous active monitoring of epidemiological changes associated with pneumococcal vaccination programmes is important to inform future decision-making and healthcare policy in the UK.
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